Performance analysis is of great significance to increase the operational efficiency of healthcare organizations. Healthcare performance is influenced by numerous indicators, but it is unrealistic for administrators to improve all of them due to the restriction of resources. To solve this problem, we integrated double hierarchy hesitant fuzzy linguistic term sets (DHHFLTSs) with the decision-making trial and evaluation laboratory (DEMATEL) and proposed a DHHFL-DEMATEL method to identify key performance indicators (KPIs) in healthcare management. For the developed approach, the judgments of experts on the inter-relationships among indicators were represented by DHHFLTSs, and a novel combination weighting approach was proposed to obtain experts' weights in line with hesitant degree and consensus degree. Then, the normal DEMATEL method was extended and used for examining the cause and effect relationships between indicators; the technique for the order of preference by similarity to the ideal solution (TOPSIS) method was utilized to generate the ranking of performance indicators. Finally, the feasibility and effectiveness of the proposed DHHFL-DEMATEL approach were illustrated by a practical example in a rehabilitation hospital.
Introduction
Over the past decades, there has been great change in the construction of healthcare systems [1, 2] . Due to the growing demands for quality improvement and the increasing pressure from regulatory agencies, problems on how to provide high-quality medical services and improve patient satisfaction have caught the attention of hospital administrators [3, 4] . The assessment and measurement of healthcare performance play a great part in hospital management and can significantly affect the operational efficiency of a healthcare management system [5, 6] . It is essential to determine the performance indicators that influence the overall system and have a great potential in obtaining high-quality performance [7] [8] [9] . However, due to the constraint of hospital resources, it is unrealistic to optimize all performance indicators at the same time. In this regard, it is favorable to focus on urgent and important indicators, i.e., key performance indicators (KPIs), and to improve them step by step [10] .
In prior researches, KPIs of healthcare management were generally determined via prepared questionnaires and expert interviews [1, 10] . Nevertheless, few studies considering KPIs in healthcare management divided them into meaningful indicators and investigated the relationships among them [2, 7] . Thus, it is necessary to analyze the inter-relationships between performance indicators and determine KPIs to measure and monitor the performance of a healthcare organization. The decision-making trial and evaluation laboratory (DEMATEL) is an effective technique developed by Gabus and Fontela [11] to analyze the causal relationships between elements [12] [13] [14] . This method can visualize the structure of complicated causal relationships through matrixes or digraphs [15, 16] . Because of its advantages and capabilities, the DEMATEL has been widely applied in various fields, such as emergency management [9, 17, 18] , supply chain management [19] [20] [21] , waste management [22, 23] , quality function deployment [24] , failure mode risk analysis [15, 25] , re-distributed manufacturing [26] , and sustainability performance assessment [27, 28] .
In practical applications, it is usually difficult for experts to estimate the direct effects between elements with crisp numbers or simple linguistic terms because of the imprecise and vague nature of human judgments [29, 30] . To describe both fuzziness and randomness of uncertain linguistic information provided by experts, Gou et al. [31] proposed the concept of double hierarchy hesitant fuzzy linguistic term set (DHHFLTS). The DHHFLTS consists of two hierarchy linguistic terms: the first one is used for describing the general evaluation information of experts, while the second one is a supplemental linguistic term set to modify the term of the first one [31, 32] . This method can be deemed as an effective method to describe the linguistic evaluation information of decision makers comprehensively [33] . Up to now, the DHHFLTSs have been adopted by many researchers to handle complex linguistic evaluation information. For example, Duan et al. [34] used the DHHFLTSs and k-means clustering to assess and cluster the risk of failure modes. Liu et al. [35] proposed a double hierarchy hesitant fuzzy linguistic PROMETHEE (preference ranking organization method for enrichment evaluation) method to evaluate public-private-partnership's advancement. Wang et al. [36] presented a double hierarchy hesitant fuzzy linguistic ORESTE (organísation, rangement et Synthèse de données relarionnelles, in French) approach for the assessment of traffic congestion. Gou et al. [31] evaluate the implementation status of haze controlling measures with MULTIMOORA (multi-objective optimization by ratio analysis plus the full multiplicative form) method under double hierarchy hesitant fuzzy linguistic environment. Montserrat-Adell et al. [37] presented an extended version of DHHFLTSs, called free double hierarchy hesitant fuzzy linguistic term sets, and applied it to a group decision making problem involving tourist attractions.
In this paper, we develop an integrated model combining DHHFLTSs with the DEMATEL method to analyze the interrelationships among healthcare performance indicators and identify KPIs for hospital management. Specifically, we utilize the DHHFLTSs to represent the opinions of experts on the influential interrelationships among performance indicators, to address their uncertainty and vagueness. The DEMATEL method is modified and employed to analyze the complex interrelationships of indicators and obtain healthcare KPIs. In addition, a modified technique for the order of preference by similarity to the ideal solution (TOPSIS) method is proposed for ranking and screening the given performance indicators. Finally, an empirical illustrative study is presented to prove the effectiveness and efficiency of the proposed DHHFL-DEMATEL approach.
The remaining sections of this article are arranged as follows. In Section 2, some basic definitions and operations of DHHFLTSs are introduced. In Section 3, we develop the DHHFL-DEMATEL model to identify KPIs in hospital management. Section 4 provides a case of a rehabilitation hospital in China to demonstrate the proposed combined approach. Finally, we conclude this study and provide further research recommendations in Section 5.
Preliminaries

Double Hierarchy Linguistic Term Sets
The double hierarchy linguistic term sets (DHLTSs) were developed by Gou et al [31] for expressing complex linguistic information.
Definition 1 ([31]
). Suppose that S = {s t |t = −τ, . . . , −1, 0, 1, . . . , τ} and O = {o k |k = −ς, . . . , −1, 0, 1, . . . , ς} are the first and second hierarchy linguistic term sets, respectively, and they are completely independent. Then a DHLTS S O can be defined as follows:
where s t<O k > is called a double hierarchy linguistic term, and o k represents the second hierarchy linguistic term when the first hierarchy linguistic term is s t .
If t ≥ 0, it indicates that the first hierarchy linguistic term set S = {s t |t ≥ 0 } is non-negative; so the second hierarchy linguistic term set should be described in an ascending order. On the contrary, if t < 0, the second hierarchy linguistic term set should be described in a descending order. Moreover, if t = τ, then we only use the front half of the second hierarchy linguistic term set, i.e., O = {o k |k = −ς, . . . , −1, 0 } to describe s τ ; and if t = −τ, O = {o k |k = 0, 1, . . . , ς } is employed to describe s −τ .
Double Hierarchy Hesitant Fuzzy Linguistic Term Sets
To more accurately and reasonably express experts' linguistic expressions, Gou et al. [31] extended the DHLTSs into hesitant fuzzy environment and proposed the DHHFLTSs.
Definition 2 ([38]).
Let X be a fixed set, and S O = s t<O k > t = −τ, . . . , −1, 0, 1, . . . , τ; k = −ς, . . . , −1, 0, 1, . . . , ς} be a DHLTS. A DHHFLTS on X, H S O , is in terms of a membership function that when applied to X returns a subset of S O , which can be described by
where h S O (x i ) is a collection of values in S O , denoting the possible membership degrees of the element x i ∈ X to the set H S O . That is,
with L being the number of the DHLTS in h S O (x i ) , and s φ l o ϕl (x i )(l = 1, 2, . . . , L) of each h S O (x i ) is the continuous terms of S O .
For the sake of convenience, we call h S O (x i ) a double hierarchy hesitant fuzzy linguistic element (DHHFLE), and the DHLTS included in a DHHFLE is ranked in ascending order.
Definition 3 ([31]). Let S O be a DHLTS, h S O (x i ) be a DHHFLE containing L linguistic terms in h S O , and
h γ = γ l γ l ∈ [0, 1] ; l = 1, 2, . . . , L be a hesitant fuzzy element. Then, the membership degree γ l and the subscript (φ l , ϕ l ) of the DHLT s φ l o ϕ l can be converted into each other by the following functions:
As a result, the conversion functions F and F −1 between the DHHFLE h S O and the hesitant fuzzy linguistic element h γ can be expressed as follows:
where Φ × Ψ is the set of all possible DHHFLEs, and Θ be the set of all numerical scales.
Definition 4 ([31]). For any three DHHFLEs h S O , h S O 1 and h S O 2
, and let λ be a real number, the operational laws of DHHFLEs are defined as follows: 
and the variance of h S O is defined as 
where η 1 σ(l) and η 2 σ(l) are the lth largest elements of F h S O 1 and F h S O 2 , respectively. Note that If the number of elements in F h S O 1 is not equal to the number of elements in F h S O 2 , we can extend the shorter one with the average value of its upper and lower bounds [37, 38] .
Then the double hierarchy hesitant fuzzy linguistic weighted geometric (DHHFLWG) operator is defined as:
where l is the maximum number of elements in DHHFLEs h S O i (i = 1, 2, . . . , n).
The Proposed DHHFL-DEMATEL Approach
In this part, an integrated decision-making approach based on the DHHFLTSs and DEMATEL method is developed to analyze the inter-relationships of healthcare performance indicators and identify KPIs for hospital management. In this approach, the DHHFLTSs are utilized to represent the evaluations of domain experts on the inter-relationships between indicators. The DEMATEL method is utilized to identify causal relationships between indicators as well as to define the KPIs. Also, the importance of healthcare performance indicators is ranked using a modified TOPSIS method. Figure 1 shows the procedure of the proposed DHHFL-DEMATEL approach.
To determine KPIs in the healthcare performance management, suppose that
be the hesitant linguistic evaluation matrix of the kth expert on the interdependence between indicators, where h k S O ij is a DHHFLE provided by E k on the interrelation between indicators F i and F j . In the following subsections, the proposed integrated approach consisting of three stages is described. 
Determine Expert Weights Based on a Combination Weighting Method
According to [39] [40] [41] , the greater the hesitant degree of evaluation information, the lower the reliability could be. Thus, the expert with higher hesitant degree should be endowed with a lower weight. In addition, the consensus degree of assessment information is also considered in many studies for obtaining experts' weights [15, 42, 43] . This method can not only reduce the influence of biased opinions on the final decision-making results, but also obtain the collective evaluations which are acceptable to most experts [43] . In this stage, a combination weight method based on both hesitant degree and consensus degree is proposed to determine the relative weights of the m experts. Its specific steps are listed as follows.
Step 1: Obtain expert weights based on the hesitant degree The weight of expert E k based on the hesitant degree can be computed by
where HD H k is the hesitant degree of E k and #h S O ij represents the number of DHLTSs in h k
Step 2: Obtain expert weights based on the consensus degree
The weight of expert E k based on the consensus degree is calculated by
where C H k , H is the consensus degree between H k and H, and H is the average evaluation matrix of the m evaluation matrices H k (k = 1, 2, . . . , m).
Step 3: Determine the combined weights of experts In this step, we combine the above two types of weights to obtain the combined weights of experts. The combined expert weight λ k is calculated by
where α is a parameter indicating the relative importance between the experts' hesitant and consensus weights, satisfying 0 ≤ α ≤ 1.
Analyze Interrelationships of Indicators with the DEMATEL Method
In this stage, we use the DEMATEL method to analyze the interrelationships of healthcare performance indicators. The application steps are explained below.
Step 4: Construct the group hesitant linguistic evaluation matrix By applying the DHHFLWG operator, the group hesitant linguistic evaluation matrix
where l is the maximum number of elements in DHHFLEs h k
Step 5: Acquire the direct influence matrix The direct influence matrix Z = z ij n×n is obtained by calculating the expected value of each element in the group hesitant linguistic evaluation matrix H. That is,
Step 6: Calculate the normalized direct influence matrix After acquiring the direct influence matrix Z, the normalized direct influence matrix, denoted by X = x ij n×n , is computed by
Step 7: Compute the total influence matrix The total influence matrix T = t ij n×n is computed through
in which I is represented as an n × n identity matrix.
Step 8: Construct the causal diagram of indicators In this step, the sum of rows (R) and the sum of columns (C) from the total influence matrix T are obtained by using Equations (21) and (22) .
where R represents the total influence that indicator F i exerts to the rest of the indicators while C represents the total influence that indicator F i receives from all the other indicators. By mapping the ordered pairs of (R + C, R − C), we can draw a causal diagram of the n healthcare performance indicators. The value of R + C called "prominence" represents the strength of influences that are given and received of the indicators and the value of R − C named as "relation" shows the net effect contributed by the indicators. If R − C is positive, the indicator has a net influence on the other factors and can be grouped under the cause group; otherwise, the indicator is a net receiver and should be grouped under the effect group.
Rank Performance Indicators with the TOPSIS Method
In this stage, we use the TOPSIS method [44] to determine the ranking of the considered healthcare performance indicators. The principle is formulating the positive ideal solution and the negative ideal solution and then applying distance measure to find the solution that is closest to the ideal solution and farthest from the negative ideal solution [45, 46] . Next, the steps of the TOPSIS method are explained.
Step 9: Determine the positive and the negative ideal solutions The best possible DHHFLTS and the worst possible DHHFLTS represent the most desirable indicator and the least desirable indicator, respectively, which can be defined by
If F i (i = 1, 2, . . . n) has the maximum expected value of h S O ij , it means F i is the best possible DHHFLTS, denoting by F + i . By contrast, if F i (i = 1, 2, . . . n) has the minimum expected value of h S O ij , it means F i is the worst possible DHHFLTS, denoting by F − i .
Step 10: Calculate the distances between each indicator and the positive/negative ideal solutions The distances from F i to the positive ideal solution and the negative ideal solution are calculated by Equations (25) and (26) .
Step 11: Obtain the closeness coefficient of each performance indicator For each of the n healthcare performance indicators, its closeness coefficient to the positive ideal solution is calculated by
The larger the closeness coefficient value C * i , the greater the influence of the indicator F i . Thus, all the indicators can be sorted according to the descending order of their closeness coefficient values C * i (i = 1, 2, . . . , n). In other words, the indicators with the higher C * i values are considered to be non-negligible and particularly important.
Illustrative Example
In this section, a rehabilitation hospital located in Shanghai, China is used as an example to show the flexibility and effectiveness of our proposed DHHFL-DEMATEL approach for identifying healthcare KPIs.
Application
The considered hospital is a tertiary care university teaching hospital, and provides the services of medical treatment, teaching, scientific research, first aid, rehabilitation, prevention, and healthcare. There are 39 clinical and medical technique departments, and 16 of them are key disciplines. Up to now, the hospital has nearly 1800 employees with medical professionals accounting for 80%. Meanwhile, the hospital has more than 900,000 emergency patients per year and 12,000 inpatients. In accordance with the requirements for tertiary hospital management standards and real healthcare needs, hospital administrators have decided to determine healthcare KPIs to improve the quality of hospital services. Therefore, the proposed integrated approach is applied to identify KPIs, then through the improvement of those KPIs to continuously enhance the healthcare quality of this hospital.
Via a systematic literature review on healthcare performance assessment, the performance indicators frequently used were identified in [1] . In this case study, 14 performance indicators shown in Table 1 were considered and analyzed to identity KPIs. To measure inter-relationships among the indicators, a group composed of five experts E = {E 1 , E 2 , . . . , E 5 } was established. The five experts adopt the linguistic term sets S and O for the evaluation of the direct relation of these influential indicators. Specifically, S is the linguistic term set of seven labels while O is the linguistic term set of five labels, and they are defined as follows: of the first expert is listed in Table 2 .
In what follows, the proposed DHHFL-DEMATEL approach is applied to the case study and the results are summarized.
Step 1: Based on Equations (12) and (13), the expert weight vector based on hesitant degree is computed as w = (0.199, 0.206, 0.203, 0.194, 0.199) T .
Step 2: By Equations (14) and (15), the expert weight vector based on consensus degree is calculated as ω = (0.200, 0.196, 0.201, 0.203, 0.200) T .
Step 3: Using Equation (16) and letting α be 0.5, the combined expert weights are calculated as: λ 1 = 0.200, λ 2 = 0.201, λ 3 = 0.202, λ 4 = 0.198, and λ 5 = 0.199.
Step 4: Applying Equation (17), we obtain the group hesitant linguistic evaluation matrix
as shown in Table 3 .
Step 5: The direct influence matrix Z = z ij 14×14 is established through Equation (18), as presented in Table 4 .
Step 6: The normalized direct influence matrix X = x ij 14×14 is constructed by Equation (19), as shown in Table 5 .
Step 7: The total influence matrix T = t ij 14×14 is acquired by Equation (20), and presented in Table 6 .
Step 8: By using Equations (21) and (22), the sum of rows R and the sum of columns C of the matrix T are calculated as listed in Table 7 . Then, based on the values of R + C and R − C, a causal diagram of the 14 healthcare performance indicators is draw as shown in Figure 2 . Total of time that a patient waits for an initial rehabilitation service Net profit margin (F 12 )
Total operating revenue-total operating expenses/total operating revenue Staff satisfaction (F 13 ) Number of staffs expressed "satisfaction" Employee turnover (F 14 )
The turnover rate of employees leaving the hospital Figure 2 . Causal diagram of the example. Step 9: The positive ideal solution and the negative ideal solution are identified as
Step 10: Applying Equations (25) and (26), the distances between each indicator and the positive/negative solutions, D i + and D i − (i = 1, 2, . . . , 14) , are computed as listed in Table 8 .
Step 11: Using Equation (27), the closeness coefficients of the 14 indicators C * i (i = 1, 2, . . . , 14) are computed and displayed in Table 8 . As a consequence, the ranking result of the indicators is obtained in line with the descend order of their closeness coefficient values. 
Discussions
Based on the values of R − C, we can divide the 14 indicators into a cause group and an effect group. As shown in Table 7 , the cause group is composed of F 4 , F 5 , F 6 , and F 7 , and the effect group includes F 1 , F 2 , F 3 , F 8 , F 9 , F 10 , F 11 , F 12 , F 13 , and F 14 . To determine KPIs, we first conducted the initial screening of the 14 performance indicators based on the ranking in Table 8 . Next, we only analyzed the top seven indicators, which include four cause indicators (F 4 , F 5 , F 6 , F 7 ) and three effect indicators (F 3 , F 9 , F 10 ).
Since cause indicators have a net impact on the whole system, their performance can seriously affect the whole healthcare system. Among the considered four cause indicators,F 4 has the largest value of R − C, which means that this indicator exerts an important influence on the system and is able to actively influence the other indicators. Therefore, F 4 is a KPI in the hospital management. With respect to F 6 , its net effect value R − C ranks second among the cause indicators, and it has the highest value of R + C. That is, F 6 has a great impact on other indicators and optimization of F 6 can greatly improve the whole healthcare system. Hence, F 6 is recognized as a KPI. Similarly, F 5 can be regarded as a KPI. Although F 7 ranks fourth among the indicators, its R and C are not sufficiently high. The low value of R + C indicates that F 7 cannot have a notable impact on the improvement of the healthcare system. Thus, F 7 cannot be classified as a KPI.
Normally, effect indicators are influenced by other indicators. However, it is necessary to analyze the effect indicators which can lead to the improvement of hospital management. The indicator F 9 ranks fifth among all the indicators, revealing that it is comparatively significant in the hospital management. Furthermore, both R and C values of F 9 are high although its R − C value is negative. So, F 9 is identified as a KPI. According to the causal diagram of Figure 2 , the R − C value of F 3 is slightly less than 0, meaning that F 3 is less affected by other indicators. And its importance degree of R + C is 2.507, which is not high enough to label it as a KPI. For the indicator F 10 , its R + C value is as high as 3.034, but its value of R − C is −0.609, which indicates its very low importance in the system. To further elucidate this scenario, as we can see in Table 7 , the influential impact degree of F 10 is low, and the C value is much larger than R. Thus, F 10 has no significant effect on the other indicators and is not a KPI.
Conclusions
In this study, we presented a new hybrid decision making approach by combing DHHFLTSs with the DEMATEL method for identifying KPIs in healthcare management. In this approach, the DHHFLTSs are employed to express the hesitancy and uncertainty of experts' evaluations regarding the inter-relations between indicators. A combination weighting method was proposed to calculate expert weights considering their hesitant degree and consensus degree. To identify KPIs, the DEMATEL method was applied to divide performance indicators into cause and effect groups, and a TOPSIS method used to determine the ranking of the indicators. Finally, a practical example of a rehabilitation hospital is provided to validate the developed DHHFL-DEMATEL approach. According to the results of this case study, "Incidents/Errors", "Accidents/Adverse events", "Nosocomial infection", and "Length of stay" are identified as KPIs for the healthcare performance management.
Despite its advantages, the proposed approach has the following limitations, which may be addressed by future researches. First, input of the DHHFL-DEMATEL method is based on the opinions of a small number of experts. This may make it hard to reflect the real situation of a complicated healthcare system. In the future, a large expert sample is suggested to assess performance indicators and obtain more generalizable results. Second, the proposed approach is unable to cope with experts' incomplete assessments of performance indicators. Considering the lack of data, future research can find advanced uncertainty theories to handle KPI evaluation problems under the incomplete information environment, which is closer to the practice. Third, the proposed approach is only a prototype and should be improved by future research. For example, the dynamic DEMATEL model can be introduced to refine the identified factors, and validation of the identified KPIs based on simulation technique is necessary.
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